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KcnemicJ a substnitc (h:it wns cxtcnJitJ hy 
the ri>lymerasc ti» a complete 50-hp Juplcx 
mtOecuIe (Fi|i. 4). This cimfirms the rwult 
jthtiwn in Fin. 2B ihnt RaJI-RaJIO amoves 
(he 3' sinclcstnmJcd mil, nnd indicarw 
rhat RnJl-RnJtO cIcavaKc pr^xlucis contain 
3'-OH K'^iup*. the required sufvtmtc fur 
extension hy DNA polymerase. Hence. 
Radl -Radio ^.tidimitclease pniducts arc suii- 
ahle 5uhsrr.ites for a ntvessjirv' suhsequent step 
in Knh the SSA rccinnhination and NER 
modeU. 
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Padlock Probes: Circularizing Oligonucleotides 
for Localized DNA Detection 

Mats Nilsson, Helena Malmgren, Martina SamiotakI, 
Marek KwlatkowskI, Bhanu P. Chowdhary, Ulf Landegren* 

Nucleotide sequence Information derived from DNA segments of tha human and other 
^J^Tr^iA «'»""'"'««"?^'apW'y- However. It frequently provn difficult to use such 
^hort DNA segments to identify clones in genomic libraries o. fragments in blots of 
iie wnoib yenome or lor in situ analysis of chromosomes. Oligonucleotide probes 
consisting of two target-complementary segments, connected by a linker sequence! 
were designed. Upon recognition of the specific nucleic acid molecule the ei^s of th^ 
?M-„°nMIf.'M° 'l^"^" °' " "S^- ="»«*'"9 clrcui^DNA molecules 



The npplicarion of synthetic oligonucle. 
otidcs in combination with nucleic acid- 
specific enzymes has hrought simphcity 
and convenience to molecular genetic 
analyses. There is, however, a need for 
meth<xU in which oliRonucleotides can he 
used for localized detection of sinfile-copy 
Rene sequences and for disii:iction among 
sequence variants in micn^scopic specimens. 
Such methods would help to bridge the 
analytic gnp between specific gene se- 
quences and subceltular structures. We have 
developed oligonucleotide pn^he molecules 
that should he useful for locnli:t\) detection 
of specific nucleic acids. These "padlock" 
probes :irc composed of two target -comple- 
mentary segments, connected by a I inker 
that may carry detectiible functit)as. The 
two ends of the linear oligonucleotide 
probes arc brought in juxtaposition by hy- 
bridization to a target sequence. This jux- 
taposition allows the twt> probe segments to 
be covalently joined by the action of a 
DNA ligase. Because of the helical nature 
of DNA* circularired probes are wound 
artnjnd the target strand, topological ly con- 
necting pnibes to target molc*cules throuRh 
catenation, in a manner similar to padlocks. 
The requirement for simultnnetnis hybrid- 
ization t>f tW4> different pn>be segments to 

M. Nilsson. H. Malmgren. M. Camioiaki. M. KwiatkowsW 
U. LancJegren, The Beqer Latxyatory. Department ol 
Medica) Genetics. Box 589 Biomedical Center. S- 751 23 
Oppsala. SwGcJen. 

B. P. ChowtJhafy, Department of Anin^ Breedvig and 
Genetics, Swedish Ureversity ol Agricultural Soirees 
Box 7023. S-7S0 07 Uppsala. Sweden. 
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target molecules provides for high specific- 
it>' of detection in complex populations of 
nucleic acids ( / ). Moreover, the act of liga- 
tion permits facile distinction among simi- 
lar tar«;ci sequence • ariants as terminally 
mismatched probes arc poor substrates for 
ligascs (/, 2). Finally, the covaleni catena- 
tion tif probe molecules to target sequences 
described here results in the formation of a 
hybrid that resists extreme washing condi- 
tions, serving to reduce nonspecific signals 
in genetic assays. 

Probes useful for circulariatlon experi- 
ments were constnicted hy solid phase syn- 
thesis of oligonucleotides ihat contained 
two hybridiring regions of 20 nucleotides 
each, connected by a 50-nucleotide-long 
linker segment (Fig. 1). Phosphate groups 
were added at the 5' ends of the molecules 
as required for enzymatic ligation. Alterna- 
tively, residues of hexaethylene glycol 
(HEG) were incorporated in the linker seg- 
ment during standard solid phase synthesis 
(3). The HEG residues served to reduce the 
number of synthetic steps required to span 
the ends of the two target-complementary 
segments. 

Cyclizable probes were designed to de- 
tect a 40-nucleotide target sequence, rep- 
resented either by an oligonucleotide 
molecule or by the polylinker sequence of 
the single-stranded form of the circular 
cloning vector M13 mpl8. Ligation prod- 
ucts could be separated by denaturing 
polyacrylamide gel electrophoresis (Fig. 
2A). In the presence of the oligonucleo- 
tide target, linear probes were efficiently 
converted to circulaf molecules with 'a 



JiMinct nittr of mljjrntinn. ProK*!! interact* 
inti with Ml) tnrKct mi^lcculeA wcrv om- 
verttfd to a <pecics ctit^ natcJ to and there- 
fore miKnititiK with the Inrge Ml 3 mole- 
cule Jurinu Jenaiurinc ijel elecirophiirc- 
sis. As the pn>hes were lahcleJ by the 



addition of » mdiiiactive phosphate tiroup 
at the S' terminus, only liuatcd molecules 
retained their laK*l after ireatmcnt with 
»IVn!*ne phosphatase. Circular oltconu- 
cletitidcii are insensitive tt> digestion with 
exonuclease VII. which attacks at free 5' 



Fig. 1. Structure of a 
padtocK pfobe interact- 
tng with its target se- 
quence. (A) Molecutar 
model of the probe-target 
complex. The molecular 
mode) was prepared on a 
Silicon Graphics work- 
station, with Insight II 
(Biosym Technologies). 
(B) Sequence composi- 
tion of a probe, specific 
for a segment present in 
the Ml 3 clontng vector 
sequence. At the 5' end 
of the probe, beginning 
with a phosphate group. 
20 target -complementa-. 
ry nucleotide positions 
are shown in red. Directly 
contiguous with these is 
a linker segment of 50 T residues, shown in green. Rnalty> the 20 nucleotides at the 3' end of the 
probe are yellow. The target sequence is shown in blue. 
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Ftg. X Analysis by yol electrophoresis of the tar- 
get-dependent circularization of an oligonucleo- 
tide probe. (A) A 90-bp oligonucteotide probe (5' 
TGCCTGCAGGTCGACTCTAG(T).^-CGGCCA- 
GTGCCAAGCTTGCA-3'. see also' Fig. IB) was 
designed such that its 5' and 3' ends would hy- 
bridize acfjacent to each other to a segment in the 
polylinker region of the M 1 3 mp 1 8 ctonino v„^tu. . 
The probe was gel-purified anc' 5' -p* losphorytat- 
ed by T4 polynucleotide kinase (New England Bio- 
(abs) and 7^P-ATP (3000 Ci/mmol. Dupont). To 
ensure that most or all 5' ends were phosphoryl- 
ated. a secorxl kinase incubation was perlormed 
in the presence of a 20-fold excess of adenosine 
triphosphate (ATP). The lal)eted protje (6 pmoO 
was incut)ated with 3 pmol of either of two differ- 
ent templates: the 7.2-kb, single- stranded, circu- 
lar M13 mpie molecule or an otigonucleotide 
(5 ' -T T T T TCTAGAGTCG ACCTGCAGGC ATG- 
CAAGCTTGGCAGTGGCXXrTTTTT-3') that con- 
tained the same AQ-typ target sequence, in 1 00 |il 
of 20 mM tris-HO (pH 8.3). 25 mM KO. 10 mM 
MgCl;,. 1 ml^ NAD*. 0.01% Triton X- 100. and 
200 U of Ampligase (Epicentre Technologies), The 
reactions were heated to 90X (1 min), then 
cooled to SS'C (5 min) and chtiied on ice. Samples 
(10 111) were taken from the ligation reactions artd 
treated with either 0.5 U of calf intestinal alkaline 
phosphatase (CiP: hiew England Biolabs) or 0. itJ 
of exonuctease VII (Exo Vtl: Gibco/BRL). (B) The 
same probe (9 pmol) was subjected to repeated 
cycles of ligation, separated by heat denaturation 
steps, in trie presence of 0.3-pmol oligonucteotide 
target (open ctrdes) or the circular single- stranded 
target molecule (fttted circles). Radioactive ligation 
products, accumulated after th ^ ind»cattJd num- 
ber of cycles, were separated t>y gel etoct rophor o- 
sis on a 6% denatuririy polyacrylamtde gel and 
quantltated with a Ptiosphorimager (Molecular Dyi 'amies). 
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or V ends of ON A strands (4). IVp^'ndinK 
on how the proK's are labeled, phospha- 
ta.ve* OT ext»nucleases onild he used to 
remove any signal arisinu from un reacted 
pri»hes in variiuis assays, thus reducing 
hackuronnd (3). 

We alst> invest iuated the consei|iiences 
of cyclically repeat inj: the pmK* hyhridira- 
ti»m and ligation reaction. The aminmr of 
cvcli:ed pri»he m*»lecules increasal linearly 
with the number o( lijpuiim cycles when a 
short olipmuclei»tidc ian;ct was iiseil (Fiy. 
2B). By contrast, under the s;ime comlitiof :s 
the maximal numK*r *»f prohes were Knind 
to the cli»sei.i, circular MH tarcet molecule 
in a single Ituatton cycle; thereafter the 
signal decreaseii, pn»Kahly Kvause of scis- 
sion of the sinule->^r».n4led target molecule 
during heat der.n unit ion. Thus, a single 
pToU: may he catenated to each cirt iilar 
target molecule. This indicates that circu- 
larized pn»K' molecules, constr.uned to one- 
dimensional diffusion alon^ the target 
stnmd during heat denaturation. rapidly tx:- 
cupy the correct taryet sequence heftire 
new pnthes hind to this sequence when 
the leiu}x*rature is lowered. Repealed cy- 
cles i»f li(:ation can, however, increase the 
prohahility that any target sequence will 
he delected hy pnihe molecules specific 
for that target, particularly when allele- 
specific prohes are used to distinguish 
amont* sequence variants. 

Investigators can use oliutmiicleotide 
pmhe ligation reactions to distinuuish 
ainonu related ON A sequences hy study- 
ing their ability to serve as templates for 
liuatii>n of olii^onucleotides complemen- 
tary- to one i»r the luher sequence variant 
(/). Whereas pri»bes specific for *>ne t)f 
the two sequence variants may hybridize 
stably to either of the two sequences. «mly 
target molecules correctly base-paired to 
the juxtaposed ends of the proK's can 
assist in the ligation. We invest icated the 
capacity of the padKrck prt»bes to distin- 
guish between a normal and a mutant 
HNA sequence in plasmtd cloties immo- 
bilized on nylim membranes (Fiy. 3). Plas- 
mids containing the AF508 variant of the 
cystic fibrosis transmembrane conduc- 
tance regulator (CFTR) uene or the ci»r- 
respt>ndinn normal yene .segment were 
spouted on nyhm tr .mbranes and subject- 
ed to probe hybridi:atitin and liKiition. . 
The mutation removes \ base pairs (bp) 
(6) corresp*mdin)» to the V end of the 
circularizable pn»be. Pri»bc molecules spe- 
cific fi>r the normal sequence jjave rise xo 
a signal only when reacted with the nor- 
mal sequence but not with the JiF508 
variant of the CFTR t*ene when pmK* 
ligation was followc\l hy denaturing wash- 
es in 0.2 M NaOH for 5 min. This srrin- 
Kent wash (to interrupt hybridi:ati*m be- 
tween HNA molecules) permitted cffi- 
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ticni Jisiinciion between the allelic vari- 
ants, as only cycUied i^rvhei remain 
Kiund to the memhnine. By contrast, a 
fttriHKent but nonJenaturinfi wash of the 
same probes in a si>lution i»f 2% SDS in 
O.l X standard saline citrate (SSC) pave 
poor distinction between the two target 
sequences. Because signal strength is pre- 
served under conditions thai prevent hy- 
bridhation between complementary DNA 
strands, nonspecifically trappe rrM'.;- 
molecules may be efficiently removed, re- 
sulting in a reduction of the level of 
background in gene detection reactions. 

As indicated in Fig. 2B, circularized 
probe molecules are free to travel considvr- 
able distances along the target strands dur- 
ing denaturing washes. To measure the dis- 
tance traveled, probe-cyclization reactions 
were carried out on equivalent numtjers of 
covalently closed target molecules or mole- 
cu!pi> that had been linearized at variable 
distances from the probe-complementary 
sequenc ■ before being immobilized on ny- 
lon membranes (Fig. 3B). Few probe mole- 
cules that were cyclired around target 
strands interrupted approximately 150 nu- 
cleotides from the probe-complementary se- 
quence remained after denaturing washes. 
By contrast, strands digested 850 .nucleo- 
tides from the probe-complement retainer* 
similar numbers of probes as did unintei • 
rupted strands. The greater preservation of 
signal upon denaturing washes of probes 
bound to the longer linear target molecules 
probably reflects the increased likelihood 
that taj^et molecules were cross-linked to the 
membrane on both sides of the site where the 
probe was catenated. This trapping of circu- 
larized probes by catenation to linear target 
molecules, in combination with the specific 
detection afforded by the requirement that 
two different probe segments simultaneously 
react with the target sequence, should be of 
value in procedures such as DNA blotting or 
for screening genomic libraries with short 
probe sequeiKes. 

Currently, oligonucleotide probes find 
limited applications for in situ analysis of 
gene sequences in metaphase chromo- 
somes. This is a consequence of problems 
both with specificity of detection and 
sensitivity of visualization. A circulariz- 
able probe, specific for a repeated centro- 
meric motif characteristic of human chro- 
mosome 12 (7). was used for in situ hy- 
bridization followed by ligation in human 
metaphase chromosome preparations. A 
wide range of washing conditions, includ- 
ing ones that remove specifically hybrid- 
izing oligonucleotide or longer probes pre- 
served signals from in situ circularized 
probe molecules and permitted efficient 
distinction from alphoid repeat sequences 
present on other human chromosomes 
(Fig. 4). Given sufficiently sensitive tech- 



niques for detection of probe molecules, 
tlic high specificity of padlock probes in 
conjunction with thr reduced nonspecific 
background observed should permit de- 
lection of short, single-copy DNA se- 
quences in human chromoson?.:*. Ir»- 
creased signal could be obtain. ed by sec- 



ondary ligation of detectable molecules to 
the linker segment of bound probes. Thus, 
oligonucleotide probes could be used to 
screen for the presence of known muta- 
tions in loci distributed along the chro- 
mosomes, by means of colrf roded probes 
specific for normal and mutant sequence 
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FIfl. 3. Olsunction of taget DNA moJecuJes Immobffized on ny»on membrdnes by nneans of a drajar tebte 
probe. (A) Fifteen femtomolos of two plaJ»r::'^wntaW^ cteJeted v3rtanft of the Onm 

gene were spott-xj on fiytonrTWbrane3(PAi^.Tne filters were tr^^ end 
leftfc iOmir- xwrnterrperatureifntefs were then w?<tfiedtwi(» with phosph^ 
to rernove pto^- . Ws that he- : t .crt been fbced to the rnernbrane. Thtty femtom^ 
TGGTGTTTCCT ATGA((HEG)2C-B)4(HEG)^VyGyWVTATCATC^ per microfiter wi?3 hybflcfized to the 
mernbranes for 30 rnin In 5 X SSPE m 5 X Denhardt'8 solutiori (9). and sai^ 
probe osntairwd NHjwnodifled C residues to vrfiich biotln h^ 

(Ctonelech ijtooratories) as o» ' wrftied (70) %*39Ct. the membranes we Incutaied for 1 hour ar room 

teriperature in a solution of 1 0 rriM tris, pH 7. J, 1 0 rnM MgtAcfe^ 

0. 1 5 U of T4 Df4A Bgase per rrtcro6ter (PhamriaciaO. The rnernbrs^ 

1 xSSPEfbr30min.fW)<thelther2%SOSinOJ xSSCfbr30mi»ifbra8tr1ngertw^ 

wash, in 0.2 M NaOH for 6m a and ^hen h 1 x SSPE. 2% SOS. tor 30 rrta A signd was generated by 

inoAMting the membranes for 5 mi u ^.T.\.tavidirKhoisera( fe h peroxidase corrugate C;.05 nqflml; Boeh- 

ringer Mannheim) in 2 xSSPE,£% SD&..-irc*^inPBSIdf 30toeOrnin.andthensoakinglnE asoM^ 

(Anriersham) for 1 rnin. The chemolurrtriesceru uigrial was reoorti^ 

the normal (NO or mutant (M)vafiarTt(» i f the t • ?t molecutes (figesled with restriction enzyr nes at the 
indicated distances from the S8que<»r a cCuVJ^wntary totheprobe a were left untfgested. After inwnoW- 
2ationonnytonmerT*ranes.ther-ui£i • : n^are probed by hybflcfeaiion with a cira^arizableo«gonucteo^ 
fodowed by a Bgation step and i denntu' - . ^--ash In 0^ M IsiaOH. 
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Fig. 4. Detection of a chromosome 12-speclfic 
repeated sequence In human metaphase chro- 
mosonrtes. by in situ hytjrtdization artd ligation of a 
biottnylated circuiarizabte probe. Metaphase 
chromosome preparations were obtained from a 
human lymphocyte culture by standard tech- 
niques of colcemlde treatment, hypotonic thocK 
and fixation m methanol acetic add. tn situ 
hybridization and ligation were performed by a 
edification of the procedure described (f J). The 
slides were treated with ribonudeaso A at 200 
jig/ml In 2 X SSC (9) fori hour at 37«C. dehy- 
dratedlnaseriesof70.90, gs. and gg% ice-cold 
ethanol washes for 2 min each, and air-dried. The 
chromosome preparations were then derwtured 
In 70% formamlde, 2 x SSC e^ 70'C tor 2 mIn; 
Immediately dehydrated In a series of 70, 90. U5. 
and 09% Ice-cold ethanol washes for 2 min each; 
anci air-dried. Circutertz8bleprobe(1Ofmol/^08peclftefbranaIpholdrBpeat-wtlfpresefrtonch^^ 
sorre 12 (S'-P AAATCTCCAACTGQAAACTQ ((HEQ),(C-B))r(HEQ)a ATTTGOTCTCAAAGTOATTQ-a') 
was hybridized for 1 8 hours at 37'C 2 x SSC, 20% formamide and salmon sperm DtMA (1 (ig/nO tn a 
25->J votume on each sfiie. A 5-nnln wash in 2 x SSC at 37*C and a brief wash in 10 mM t»i&. pH 7.5. 10 
mM MgtAc)2.50mM KAc. 10 mM ATP preceded ligation in the sanro buffer. contah&igT4 DNA Bgase 
(0.085 U/»iO for 1 hour at 37'C. The sndes were washed twice in 2 X SSC wtth 20% formarnide at 37*C 
for 5 min each, followed by two washes In 2 X SSC and once In PN buffer (0.1 MNaH2P04 0.1% NP-40, 
adlusted to pH 8.0 with 0. 1 M Na^HPOJ at 37«C. 5 mm each. Bound probes were visualized by means 
of fluorescein-labefed avldln, followed by a layer of Wotlnyiated ertlbodies againrt 
( Vector l-abormories), and a second layer d fluo^escelna^KJ avidln. Afl incubattons were p 
buffer containing 5% nonfat milk at 37«C for 20 mIn foflowed by three washes In PN buffer at room 
temperature for 5 mm each. The metaphase chromo some s were stained with propidium Iodide and 
photographed with a Nikon Axiofot microscope. 
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Localization of a Breast Cancer Susceptibility 
Gene, BRCA2. to Chromosome 13q12-13 

Richard Wooster/ Susan L Neuhausen/ Jonathan Mangion,* 
Yvette Quirk,* Deborah Ford,* Nadine Collins, Kim Nguyen, 
Sheila Seal, Thao Tran, Diane Averill, Patty Fields, Gill Marshall, 
Steven Narod, Gilbert M. Lenoir, Henry Lynch, Jean Feunteun, 
Peter Devllee, Gees J. Comelisse, Fred H. Menko, Peter A. Daly, 
Wilma Omniston, Hoss Mcrv'anus, Carole Pye, Cathryn M. Lewis, 
Lisa A. Canrion-Albright, Julian Peto. Bruce A, J. Ponder, 
Mark H. Skoinick, Douglas F. Easton,t David E. Goidgar, 
Michael R. Stratton 

A small proportion of breast cancer, In particular those casc n arising at a young age, ii 
due* to the Inherftance of dominant susceptibility genes cor'-^hng a high risk of tiis 
disease. A genomic linkage search was performed with 1 5 hfg! i-rlsk breast cancer families 
that were unHnked to the BRCA1 locus on chromosome 1 7q2l . This analysis localized a 
second breast cancer susceptibility locus. BRCA2, to a 6-centlmorgan Interval on chro- 
mosome 13q12-13. Preliminary evidence suggests that BRCA2 confers a high ri-.-J^ of 
breast cancer but, unlike BRCA1, does not confer a substantially elevated risk of ovarian 
cancer. 



variant!. Furthermon;, probe cyclizatlon 
reactions depen^^ on an intramolecutar 
reaction ai opposed to reaction between 
pairt of Independent probe molecules as 
In amplification by the polymerase chain 
reaction. Thus, there should be fewer prob- 
lems with nonspeclAc reactloru resulting 
from interactions between noncognate pain 
of probe segments with cycliuble probes. 
The present probe design should permit the 
simultaneous aimlysis of multiple gene se- 
quences in a DNA sample. 

In conclusion, the nucleic actd probe pre- 
sented here permio highly specific detection 
of ruicleotkle sequences and, although the 
target is not amplified, highly sensitive detec- 
tion is possible chrous^ dBflcient reaction of 
nonspecific signal. Circulariable probes 
should be applicable in a number of other 
contexts, including the deceaion of specific 
RN A molecules expressed in tissue sections as 
T4 DNA ligase can assist in ligation rcactiori 
'revolving RNA strands (8). Motcovw. immo- 
bilized padlock probes couU be useful for pre- 
parative purposes, such as tiappi'.ip cincular 
target molecules from solution when Swreen- 
if\g gene libraries, 
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In 1990, a breast cancer susceptibility ger\e. 
known as fiRCAi, was localized to chromo- 
some 1 7q ( i ). Subsequent studies demonstrat- 
ed that BRCAl accounts for most families 
with multiple cases of both early-onset breast 
and ovarian carK:er and about 45% of families 
with breast carKer only, but few if any families 
with both mate and female breast caiKer (2). 
Several other genes can confer susceptibility 
to breast cancer. Gemline mutations in the 
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p53 gene on chromosome 1 7p cause a wide 
range of neoplasms including early-onset 
breast cancer, sarcomas, brain tumots, leuke- 
mias, and adrenocortical cancer (3). Certain 
rare abnonnalities of the andro^ receptor 
appear to be associated with bre^ cancer in 
men (4), and epidemtolr^cal studies have 
sufSRested that heterozy^es for the ataxia 
telangiectasia gene, AT. on chromosome 
llq are at elevated risk of breast cancer 
(5). However, mutations in p53 and AT 
can only be responsible for a small minor- 
ity of breast cancer families that are un- 
linked to BRCAl (6). 

To localize other genes that predispose 
to breast cancer, we performed a genoniic 
linkage search using 15 families that had 
multiple cases of earlyK)nset breast cancer 
and that were not linked to BRCAi. These 
families were classified according to the 
number of cases of female breast cancer, 
male breast cancer, and ovarian cancer (Ta- 
ble 1 ). In addition to a negative lod score 
(logarithm of the likelihood ratio for link- 
age) with markers flanking BRCAl, all but 
one of the families used for this study had at 
least one breast cancer case diagnosed be- 
fore age 50 that did not share a BRCAi 
haplotype with other breast cancer cases in 
the family. The exception, CRC 136, had 
an obligate sporadic case diagnosed at age 
53. Families were genotyped with polymor- 
phic microsaiellite repeat markers (7, 8). 
Typing of the markers DBS260 and 
D13S26} provided provisional evidence for 
the presence of a susceptibility gene on 
chromosome 13, which was subsequently 
confirmed by analysis of additional poly- 
morphisms In the region. 
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